Identification of mutations in cancer cells that drive malignant transformation has opened the door to patient-tailored targeted therapies that improve overall survival. For example, inhibitors of activating mutations in BRAF, which are present in ~50% of cutaneous melanomas 1 , can have substantial therapeutic benefit 2-4 . Attempts to inhibit NRAS, which is mutated in 15-20% of all tumor types 5 , have been less successful. Exome or whole-genome sequencing has been used to identify new mutations in melanomas, but to date, studies using these methods have been limited to 25 or fewer tumors [6] [7] [8] [9] . To reveal the scope of melanoma mutations more comprehensively, we performed exome sequencing of 147 primary or metastatic melanomas ( Supplementary Tables 1 and 2) . The results identified previously unreported genes and pathways that have a role in melanoma pathogenesis, including effectors for a new gain-of-function mutation that may be amenable to targeted therapy.
median of 156.5 mutations (Fig. 1a) . Tumors with more than 500 somatic mutations were found in older patients (median age of 80.5 years compared to a median age of 65.0 years for the tumors with 500 or less mutations), with a high percentage of primary lesions in these patients on the head and neck (77%), which is a hallmark of chronic sun-damaged melanomas 10 . The number of mutations generally increased with patient age (Fig. 1b , Pearson correlation coefficient of 0.4, P = 0.0015). The tumors with wild-type BRAF and RAS with low mutation counts were primarily from sun-shielded sites.
The higher number of single-base mutations in sun-exposed melanomas was accounted for by mutations linked to UV-induced DNA damage, with an excess of C>T mutations in the dipyrimidines, including CC>TT, in both exonic and intronic sequences ( Fig. 1c and Supplementary Fig. 1a ). There were 2.93-fold more C>T transitions in dipyrimidine sequences in the nontemplate compared to the template strand of expressed genes. The corresponding ratio of these transitions in nonexpressed genes was 0.96. These findings are consistent with transcription-coupled repair of mutations in the template strand of expressed genes 6 . We did not observe a higher number of C>T mutations in the dipyrimidine sequences in sun-shielded melanomas ( Fig. 1c and Supplementary Fig. 1a ) or a significant difference in the C>T ratio for the nontranscribed compared to the transcribed strands in either expressed or nonexpressed genes in these tumors (1.19 and 0.91, respectively).
The extended sequence context had a large effect on mutation frequency in sun-exposed melanomas (Fig. 1d) . For example, whereas the overall mutation frequency for a cytosine lying 3′ to thymidine was 5.53 × 10 −5 , the mutation frequency at the TTTCGT motif was 5.83 × 10 −4 ( Fig. 1d and Supplementary Table 3) ; this motif is a subset of the consensus hotspot sequence for creating cyclobutane pyrimidine dimers 11 .
Recurrent mutations
In addition to known recurrent mutations in BRAF and NRAS, we found a previously unidentified recurrent mutation in RAC1 (rasrelated C3 botulinum toxin substrate 1), a C>T transition (CCT>TCT) resulting in a p.Pro29Ser substitution (Supplementary Fig. 1b ; designated here RAC1 P29S ), in 7 of the 147 tumors. The next most frequent mutation resulted in a p.Arg630Glu substitution in DBC1 (deleted in bladder cancer 1), which we found in six melanomas. Twelve genes had four recurrences and 56 genes had three recurrences of the same missense mutation (Supplementary Table 4 ). There were 2.8-fold more recurrent nonsilent than silent mutations occurring in three or more melanomas (76 compared to 27, respectively), significantly Melanomas from primary compared to metastasis, the age of the patients and BRAF and RAS mutation status are also indicated. Mut, mutated; WT, wild type. NRAS is the most common RAS mutant gene, except for one acral melanoma that harbored the HRAS mutation resulting in p.Gln61His (brown). All BRAF and RAS mutations were validated by Sanger sequencing. The inset shows an expanded scale of the number of mutations in tumors at the lower range. (b) The number of mutations in relation to the age of the patients. (c) Spectrum of somatic variants in exomes of sun-exposed and sun-shielded (acral, mucosal and uveal) melanomas. There is an excess of C>T transitions in dipyrimidines in sun-exposed melanomas, which is an indication of UV exposure and DNA damage. The n values indicate the number of mutations; because any base has a 25% chance of being flanked by a purine on both sides, the frequency at which a mutated base is part of a dipyrimidine by chance is exactly threefold the frequency for nondipyrimidines. (d) Consensus sequence for positions with recurrent (at least three) and nonrecurrent mutations, as indicated. The recurrent mutations are located at a known hotspot sequence motif for cyclobutane pyrimidine dimer formation. The motif represents the actual prevalence of each sequence context without normalizing for the mammalian underrepresentation of CG dinucleotides.
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A r t i c l e s more than expected based on a nonsynonymous to synonymous (NS:SN) ratio of 1.95 observed across all melanomas (P = 0.002). There were 1.97-fold more nonsilent mutations occurring in two or more melanomas, which was as expected based on the melanomawide NS:SN ratio (P = 0.75). Of note, no silent mutations recurred in more than five melanomas.
Genes with high mutation burden in sun-exposed melanomas We rank ordered the genes for overall somatic mutation burden using an algorithm that incorporated the sequence context of the mutations, the gene expression status, gene-specific NS:SN ratios and mutation bias, as reflected by the silent mutation counts in each gene (Supplementary Note). Fifteen genes with Benjamini-Hochbergcorrected P values <0.05 were highly ranked for mutation burden in sunexposed melanomas (Table 1 and Supplementary Table 5 ). The high load of mutations in DCC, and in particular, inactivating mutations, is unique for melanomas because this gene is commonly associated with low expression in cancer through loss of heterozygosity (LOH) or epigenetic silencing but not with a high burden of damaging mutations 12 . Although we identified mutations in MAPK genes (Supplementary Table 6 ), none ranked high on our list, and none occurred in tumors derived from patients treated with vemurafenib or dabrafenib.
Several genes encoding protein phosphatases were on the list of genes with high mutation burden. The most unique among them is PPP6C (protein phosphatase 6, catalytic subunit), mutations of which affected 12.4% of sun-exposed tumors (Fig. 2) , all of which also had BRAF or RAS mutations (P = 0.007 ; Fig. 3a) ; two of the alterations in PPP6C, p.His92Tyr and p.Arg301Cys, were recurrent (two and four times, respectively). The PPP6C mutations typically clustered in or near highly conserved positions in the catalytic site and the surrounding substrate recognition area (Fig. 2a,b) . We infer that these are probable loss-of-function mutations, as they commonly occurred in the presence of LOH (in 6 of 12 tumors) (Fig. 3a, purple) or in tumors that simultaneously had two different point mutations (3 out of 12 tumors, one of which we confirmed to have trans mutations using targeted sequencing of the cloned complementary DNA (cDNA)). Notably, all the doublemutant tumors included the p.Arg301Cys alteration. Another protein phosphatase, PTPRK (protein tyrosine phosphatase, receptor type, K), was altered in 19.7% of sun-exposed melanomas, with 17 different substitutions distributed throughout the coding region, including one missense mutation leading to early chain termination ( Supplementary  Fig. 2a,b) . A third protein phosphatase, encoded by PTPRD (protein tyrosine phosphatase, receptor type, D), which has been reported to be mutated in other sequencing studies 13, 14 , harbored 27 mutations in 17 tumors but ranked low on our list because of its size and high number of synonymous single-nucleotide variants (SNVs) ( Supplementary  Fig. 2c and Supplementary Table 5) .
Seven expressed genes harbored nonsense mutations, including point mutations, splice-site variants and frame-shift indels, at higher rate than would be expected by chance (Benjamini-Hochberg false discovery rate of <0.05): DCC, TP53, NF1, ARID2, ZNF560, FAM58A and ME1 (Fig. 3b and Supplementary Table 7) .
Genes with high mutation load in sun-shielded melanomas We found three previously unidentified somatic mutations in DYNC1I1 among 17 acral melanomas, all of which we validated by Sanger sequencing. Two DYNC1I1 mutations were identical and resulted in the p.Arg629Cys substitution. With a mean of only ten somatic mutations per acral melanoma, the likelihood of any mutation recurring in this set by chance is extremely low. An additional melanoma of unknown origin also harbored the somatic mutation in DYNC1I1 resulting in p.Arg629Cys (the DYNC1I1 R629C mutation), further supporting its probable importance. DYNC1I1 encodes dynein, cytoplasmic 1, intermediate chain 1, a protein that is implicated in microtubule 56 . All but one of the amino acids found to be mutated are conserved between PPP6C and PP2A. The PP2A structure is in complex with tumor-inducing okadaic acid, shown as solid spheres, which binds to the catalytic cleft. Mutations discovered in melanoma are shown in red. There is a clear preference for melanoma mutations to occur in the catalytic cleft of PPP6C.
npg motor activity, progression through the spindle assembly checkpoint and possible normal chromosome segregation 15 . Although the highly recurrent RAC1 P29S mutation was not present in sun-shielded melanomas, we identified another mutation in RAC1, which resulted in the p.Asp65Asn substitution, in an acral melanoma that had a total of two somatic mutations. BAP1 has previously been reported to be frequently mutated in uveal melanomas 16 . We identified one new somatic homozygous frameshift mutation in BAP1, resulting in early termination, among six uveal melanomas. Other mutations that we identified in sunshielded melanomas are listed in Supplementary Table 8 .
Somatic copy-number alterations
We assessed somatic copy-number alterations (SCNAs) using differences in sequence coverage between all matched tumor and germline samples (sun exposed and sun shielded). The mean sequence coverage log ratios across the tumors showed large-scale genomic gains and losses in regions that were similar to those previously obtained by array comparative genome hybridization 10 (Supplementary Fig. 3 ). These included copy number gains on chromosomes 1q, 6p, 7, 8q, 17q and 20q and losses on chromosomes 6q, 9p and 10. Chromosome 3 deletions in uveal melanomas, a frequent event in the metastatic state of the disease 17 , were also present. The CONTRA copy number program 18 identified 23 genomic intervals with evidence of focal copy number gains or losses (Supplementary Table 9 and Supplementary Fig. 3b ). Copy losses were in chromosomes 10q23 and 9p21, with strong deletion signals in PTEN and CDKN2A, respectively. Copy gains in chromosomes 5p13, 11q13 and 12q14 were predominantly found in mucosal and acral melanomas (Fig. 3) , as has been previously reported 10, 17, 19 . We detected amplification signals in RICTOR on 5p13, CCND1 (11q13) and CDK4 (12q14) (Fig. 3) . ASPM (asp (abnormal spindle) homolog, microcephaly associated (Drosophila)) on 1q31 showed amplification in 11 tumors, with 9 being metastases. ASPM has previously been reported in metastatic melanoma and has been shown to enhance invasion 20 . Notably, we also identified copy gain in 7q34 (BRAF), supporting prior reports of BRAF amplification in melanoma 7 . 
Melanoma classification by mutations and SCNAs
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by a high number of copy gains and a low mutation load (Fig. 3a) . In this group, the copy gains were on chromosomes 5p13 (RICTOR), 11q13 (CCND1) and 12q14 (CDK4). RICTOR encodes a protein that forms a complex with mTOR, suggesting that the amplification on 5p13 in this group contributes to the activation of the PI3K-AKTmTOR pathway independent of CDKN2A or PTEN copy loss. A second class comprised sun-exposed melanomas with wild-type BRAF and NRAS with few copy number alterations but a high load of mutations, which typically originated in older patients (Fig. 3a) . Notably, 30% of the melanomas in this class (10 out of 33 samples) harbored deleterious mutations in NF1 (Fig. 3b) . Furthermore, the frequent mutations in TP53, ARID2 and PTPRK in this group suggests that inactivation of tumor suppressors is a crucial step in the pathogenesis of BRAF-and NRAS-independent melanomas. Finally, a third class of melanomas comprised sun-exposed melanomas with mutations in BRAF or NRAS with frequent copy losses in PTEN and/or CDKN2A, copy gains and point mutations in several genes, including PPP6C (Fig. 3a) , reinforcing the importance of additional mutations as potential modulators of MAPK-dependent melanoma tumor progression.
RAC1 P29S mutations
We focused on RAC1 for further evaluation because it harbored a high rate of recurrent mutation with a strong UV signature (Supplementary Fig. 1b ; the TTTCCT motif is mutated 155-fold more frequently in sunexposed than non-sun-exposed melanomas) and is highly expressed in nonmalignant and malignant melanocytes 21, 22 . In addition, mutations in RAC1 are likely to be biologically relevant because RAC1 is a member of the Rho family of small GTPases (which includes CDC42) that has important roles in the control of cell proliferation, cytoskeletal reorganization and cell migration. In addition, RAC1 effectors include various protein kinases, offering the opportunity for pharmacological inhibition.
We assessed the presence of the RAC1 P29S mutation using Sanger sequencing of targeted PCR-amplified products in additional specimens collected by the Specimen Core of the Yale SPORE in Skin Cancer, resulting in a total set of 364 melanomas, including 217 sun-exposed tumors. The RAC1 P29S mutation was present in 20 melanomas, all of which originated in the head, neck, limbs or upper trunk, comprising 9.2% of this type of lesion. An independent cohort of melanoma cell lines from Australia isolated from sunexposed tumors revealed 4 out of 76 cell lines with RAC1 P29S mutations (5.3%). There was a similar frequency of the RAC1 P29S mutation in primary (9.2%) and metastatic tumors (8.6%), which is consistent with this mutation occurring early in tumorigenesis ( Table 2 and   table 2 The male and female, primary and metastatic and BRAF and NRAS status numbers are based on available annotations for sun-exposed melanomas in the Yale cohort (n = 217). The other gene frequency numbers are based on a subset of 61 exomesequenced sun-exposed melanomas having matched germline DNA. WT, wild type. npg Supplementary Table 10 ). RAC1 P29S was significantly more prevalent in male patients (present in 12.8% of males compared to 2.4% of females, P = 0.01; Table 2 ), which is consistent with these mutations being induced by UV exposure, with melanoma risk increasing with UV exposure and with men having greater UV exposure 23 (there were threefold more head and neck melanomas in the men than in the women in our cohort) ( Supplementary Fig. 4a,b) . The RAC1 P29S mutation was more frequent in melanomas that were wild type for both NRAS and BRAF (12.5% of melanomas with wild-type BRAF and NRAS had the mutation compared to 6.2% of melanomas with mutant BRAF or NRAS) ( Table 2) . Among the 61 sun-exposed samples with matched normal DNA, five of six samples with RAC1 P29S also had a mutation in MAPK (P < 0.01; Table 2 and Supplementary Fig. 5 ). RAC1 P29S was also positively associated with three of the top mutated genes in sun-exposed melanoma, in particular with DCC, as well as with CD163L1, ZNF560 and C15orf2 ( Table 2) . RAC1 P29S was not enriched in samples that harbored SNPs known to confer melanoma risk (Online Methods).
The RAC1 P29S mutation was somatic in all cases for which matched normal DNA samples were available; RAC1 P29S is absent from the dbSNP and 1000 Genomes databases and has not been found among 2,577 germline exomes sequenced at Yale or by direct sequencing of 2,596 individuals from 57 anthropologically defined populations originating from diverse parts of the world (Online Methods).
Structural analyses of RAC1 P29S
Structural studies have shown that the switch I region of RAC1, which contains the p.Pro29Ser alteration, is a crucial regulatory element of the GTPase superfamily and is important for nucleotide binding and for interactions with effector molecules 24, 25 . A proline residue corresponding to RAC1 Pro29 is completely conserved in the Rho family of GTPases (with the exception of divergent RhoBTB1 and RhoBTB2) 24 ( Supplementary Fig. 6 ) and is located at the N terminus of the switch I loop. Previous mutagenesis studies within the RAC1 switch I loop showed that mutation of the Pro29-Gly30 pair reduces the GTPase activity of RAC1 by 50% and results in increased effector activation 26 .
We determined two crystal structures of RAC1 P29S in complex with the slowly hydrolyzing GTP analog GMP-PNP at 2.1-Å and 2.6-Å resolution and the crystal structure of wild-type RAC1 (RAC1 WT ) to 2.3-Å resolution (Fig. 4, Supplementary Table 11 and Supplementary Fig. 7 ). 
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Notably, the crystal structure of RAC1 P29S is conformationally distinct from that usually observed in active-state Rho family GTPases and that of RAC1 WT (Fig. 4 and Supplementary Figs. 7 and 8) . In the RAC1 P29S crystal structure, there are direct hydrogen bonds between the ribose hydroxyl groups of GMP-PNP and the backbone carbonyls of both Ser29 and Gly30. This bonding contrasts with the pattern typically observed for Rho family GTPases, where water-mediated hydrogen bonds form between the ribose hydroxyl groups and switch I residues 24 . Instead, the bonding seen in RAC1 P29S closely aligns to the hydrogen bonding patterns observed in the crystal structure of activated HRAS, where direct interactions of ribose hydroxyl with the backbone are commonly present (Fig. 4 and Supplementary  Fig. 7) . The p.Pro29Ser alteration seems to release the conformational restraint inherent in a proline residue at position 29, therefore allowing a RAS-like altered conformation for GTP binding in the switch I loop and increased effector activation.
Analyses of RAC1 P29S effector binding activity RAC1 cycles between an inactive GDP-bound (GDP-RAC1) and an active GTP-bound (GTP-RAC1) form. Active RAC1 binds downstream effectors, leading to activation and membrane localization. This binding to RAC1 is mediated by the CRIB (Cdc42/Rac interactive binding) domain, which is present in several downstream effectors. We tested the binding activity of RAC1 P29S and RAC1 WT to two known effectors containing the CRIB domain: PAK1 (p21 protein activated kinase 1) and MLK3 (mixed-lineage kinase 3, official symbol MAP3K11). We used the canonical in vitro RAC1 activity assay (p21-binding domain (PBD) of PAK1 tagged to GST (GST-PAK1-PBD) and immobilized to beads) to test the binding activity of purified recombinant proteins. The binding assays showed more complex formation of pure RAC1 P29S with PAK1-PBD compared to RAC1 WT in the presence of GTP or slowly hydrolysable GTPγS (Fig. 5a) . Using another in vitro approach, we observed more complex formation between cellularly expressed MLK3 protein kinase and GTP-RAC1 P29S compared to GTP-RAC1 WT (Fig. 5b) . In addition, we also compared the PAK1-PBD complex formation of RAC1 P29S to that of RAC1 F28L , a spontaneously activated RAC1 with a p.Phe28Leu substitution, which possesses enhanced intrinsic GTP↔GDP exchange (rapidly cycling) 27 (Fig. 5c) . Quantization by scanning the bands with ImageJ showed that the binding activity of GTP-RAC1 P29S with PAK1-PBD was similar to that of GTP-RAC1 F28L , and that GTP-RAC1 P29S was about 4.5-fold to ninefold more active than GTP-RAC1 WT , depending on the gel analyzed (Fig. 5, gel density) . These pulldown experiments showed that RAC1 P29S is a gain-of-function mutation. Corroborating this conclusion are results from other studies showing that site-directed mutagenesis of the adjacent amino acid, resulting in p.Phe28Leu in RAC1, as well as in p.Phe28Leu in Cdc42 (Cdc42 F28L ) or p.Phe28Leu in Rho A (RhoA F30L ), resulted in a constitutively activated GTPase and was able to transform NIH3T3 cells in culture or in nude mice 27, 28 , highlighting the importance of this region to RAC1 activity.
Functional analyses of RAC1 P29S in normal and malignant cells
We then examined the cellular activity of RAC1 P29S compared to RAC1 WT in transiently transfected normal mouse melanocytes and COS-7 cells. Expression of RAC1 P29S , but not RAC1 WT , in normal melanocytes enhanced ERK phosphorylation, cell proliferation and migration ( Fig. 6a-d) . Furthermore, GFP-tagged RAC1 P29S , but not RAC1 WT , induced strong protein accumulation in the ruffling membranes of COS-7 cells (Fig. 6e) , which is a hallmark of an activated RAC1 protein 29 . These findings confirm that the RAC1 P29S mutation is a gain-of-function mutation, that it activates downstream signaling, and that it alters the phenotype of melanocytes and other cells.
DISCUSSION
Melanoma is known to be a highly heterogeneous disease with respect to histology, cytology, clinical behavior, chromosomal aberrations and mutation patterns 19, 30, 31 . Our sequencing of 147 melanoma exomes, the largest number of specimens analyzed so far by this approach, reinforces these observations and sheds new light on melanoma classification and the genetics of the malignant state. In general, we show three major melanoma classes, with high, medium and low mutation count, that are likely to belong to chronically exposed, intermittently sun-exposed and sun-shielded lesions, respectively. Our data reveal a mutation spectrum that is compatible with UV-induced damage in sun-exposed melanomas. The motif TTTCGT is enriched in a large portion of the sites that are mutated three or more times in sun-exposed melanomas. This motif is a known hotspot for creating cyclobutane pyrimidine dimers and (6-4) photoproducts, as UV energy is absorbed by the A-T base pairs and transferred down the pyrimidine base stack to the cytosine of a G-C pair 11, 32 . The resulting dipyrimidine photoproducts are usually repaired or correctly replicated, but the remainders are the principal lesions that lead to mutations in tumors after UV exposure 33 . We did not detect UV damage signature mutations in acral, mucosal or ocular melanomas. The spectrum of mutations located at dipyrimidine sequences in these lesions was indistinguishable from the spectrum of mutations at nondipyrimidine sequences. This result is in agreement with data from one study 9 but is in disagreement with those from another group 34, 35 .
The discrepancy between our results and those described in the latter publications might be due to differences in approaches because that study did not report two key elements of the UV signature: the percent of total mutations that were at a dipyrimidine and the percent of C>T transitions that were at a dipyrimidine. The investigators reported that 60% of all mutations in acral melanomas were C>T transitions, but this is at the low end for UV-induced mutations (typically 60-80%) and suggests that UV exposure might not be the only mutagen acting on this type of tumor. The strength of our sequencing a large number of melanomas is in the discovery of new genes and pathways contributing to melanoma pathogenesis. For example, we identified ARID2 as a putative new tumor suppressor for melanomas. ARID2 is part of the SWI/SNF chromatin-remodeling complex, suggesting that these types of mutations disrupt normal chromatin function and gene expression. ARID2 loss-of-function mutations were recently identified in hepatocellular carcinoma 36 .
The high mutation load in several protein phosphatases, including PTPRK, PTPRD and PPP6C, is likely to release constraints on downstream targets. For example, mutations in PTPRK, a TGF-β target gene 37 , may disrupt the growth-suppressive signaling of TGF-β in the affected tumors. The newly identified alterations in the serine/ threonine phosphatase PPP6C are of particular interest because the amino acid substitutions clustered in the active site of the enzyme, are likely to be inactivating and occurred exclusively in tumors with activating mutations in BRAF or NRAS. The recurrent alteration p.Arg301Cys was recently also identified in 2, and the p.Ser307Leu alteration was identified in 1, of 25 metastatic melanomas 9 . About 80% of nevi harbor the BRAF mutation resulting in p.Val600Glu and, in some cases, a NRAS mutation at Gln61, yet nevi are typically associated with low proliferative activity and only infrequently progress to melanoma 38, 39 . It is assumed that activating mutations in BRAF and NRAS initiate the proliferative process that is followed by senescence, npg termed oncogene-induced senescence. Loss of PTEN, a dual specificity protein tyrosine phosphatase, was until now considered the major mechanism for abrogating oncogene-induced senescence in either BRAF or NRAS mutant cells through activation of the PI3K-AKT signaling pathways 40, 41 . Our data suggest a new cooperative pathway for transforming BRAF and NRAS mutant melanocytes. So far, PPP6C has not been demonstrated to be part of the MAPK or PI3K-AKT pathway but rather to have a crucial role in mitotic spindle and chromosome segregation 42, 43 , as well as in the response to DNA strand breaks 44 . A known substrate of PPP6C is Aurora A, a serine/threonine kinase that controls spindle pole formation, centrosome maturation, chromosomal segregation and cytokinesis during mitosis 42 . As inactivation of PPP6C may lead to stimulation of the kinase activity of Aurora A, pharmacologic inhibition of Aurora A's kinase activity might be considered. Indeed, a small-molecule inhibitor of Aurora A kinase has been already developed 45 , has shown a cytotoxic effect on several types of cancer cells, such as breast and glioma 46, 47 , and is being considered for clinical application, especially in combination with other drugs 48 .
In the oncogene class, a key finding was the discovery of RAC1 P29S as a recurrent UV-signature mutation in 9.2% of sun-exposed melanomas. In our cohort, RAC1 P29S was the third most frequent activating mutation after those of BRAF and NRAS. RAC1 P29S was predominant in male patients known to have more outdoor exposure than females 23 . This gender difference was unique to RAC1 P29S , and we did not find it for mutations in BRAF or NRAS. Whereas BRAF mutations are often in sites that are not chronically exposed to the sun, the specific types of melanoma that have a high frequency of NRAS mutations has not yet been determined 1, 19 . RAC1 P29S has increased binding to PAK1 and MLK3, provides a proliferative and migratory advantage to normal melanocytes through activation of ERK, and induces membrane ruffling. It was previously reported that MLK3 is capable of recruiting a BRAF-RAF1 complex 49 , suggesting that MLK3 may function as a link between RAC1 and the MAP kinase cascade.
Our gene association analysis showed that the RAC1 P29S mutation in the matched melanomas was frequently associated with mutations in DCC, a gene that was recently validated as a tumor suppressor in mouse models 50, 51 . DCC is the netrin 1 receptor that, in the presence of the ligand, mediates positive signals for proliferation, migration and differentiation through RAC1 and CDC42 and mediates apoptosis in the absence of ligand 12 . It is possible that activating RAC1 mutations and loss of DCC cooperate in promoting the malignant process in a manner analogous to the combination of BRAF and NRAS mutations with loss of PTEN or PPP6C. The RAC1 P29S mutation has been recently reported in 1 out of 74 squamous cell carcinomas of the head and neck 52 , in 1 out of 26 esophageal cancers and 1 out of 44 pancreatic cancers 53 , suggesting a role for this mutation in other cancers as well.
The in vivo biological importance of RAC1 is supported by studies with mice showing that targeted deletion of Rac1 in melanoblasts causes defects in migration, cell-cycle progression and cytokinesis 54 , and mice lacking Prex1, a Rac-specific Rho GTPase guanine nucleotide exchange factor, have defects in melanoblast migration during development and are resistant to metastasis when crossed to a mouse model of melanoma 55 . In our matched cohort of sun-exposed melanomas, PREX2 harbored 20 mutations in 13 samples, none of which overlapped with those in the published report 9 . However, this gene did not reach high priority here because it is not expressed in normal or malignant melanocytes, it had seven silent SNVs in seven samples and it is relatively large (4,889 bases in the capture region). Nonexpressed genes may harbor a large number of mutations based on empirical data on mutation load in expressed and nonexpressed genes 6 .
Gain-of-function mutations have proved to be productive therapeutic targets in a variety of cancers. Collectively, our findings suggest that inhibitors of direct effectors of RAC1, such as members of the PAK family of protein kinases, might be of therapeutic benefit in the treatment of melanomas.
URLs. BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi; the full list of mutations is posted on MelaGrid, http://data.melagrid.org/en/ dataset/exome-variants-in-melanoma.
METhODS
Methods and any associated references are available in the online version of the paper.
Accession codes.
Crystal structures are deposited in PDB with accession codes 3SBD, 3SBE and 3TH5.
ONLINE METhODS
Melanoma tumors and cell cultures. The melanoma tumors were from different patients and were excised to alleviate tumor burden. Specimens were collected with participants' informed signed consent according to Health Insurance Portability and Accountability Act (HIPAA) regulations with a Human Investigative Committee protocol. The melanomas used for sequencing were from snap-frozen tumors or from short-term cultures 59 . Most of the melanoma cells were collected after 0-4 passages in culture, except for one sample called 'YURIF' that was collected after 14 passages in culture. We validated the mutation data by Sanger sequencing of 300 gene-specific amplicons (primer pairs provided on request). The frequency of the recurrent RAC1 P29S mutation was assessed using Sanger sequencing and the TaqMan assay (Applied Biosystems). A TaqMan assay to detect the RAC1 P29S mutation was designed using the Applied Biosystems software on their website. Samples from 2,596 individuals from 57 anthropologically defined populations originating from diverse parts of the world 60 were genotyped. Analyses were done in 384-well plates using the manufacturer's protocol, except that volume was reduced to 3 µl. After 30 cycles, the plates were read on an AB 9600HD using SDS software.
In addition, another cohort of 76 melanoma cell lines in the Oncogenomics Laboratory, Queensland Institute of Medical Research was tested by Sanger sequencing using BigDye Terminator v3.1 chemistry on a 3730xl DNA Analyzer (Applied Biosystems). The primers used are provided in Supplementary Table 12. Gene expression. Whole-genome gene expression was derived from hybridization to NimbleGen human whole-genome microarrays, as described 21, 61 . Genes with a median expression value of 550 and above were called 'expressed' . RNA sequencing (RNA-Seq) was performed on two independent cultures of normal human melanocytes derived from newborn foreskins and adult skin. Final RNA-Seq libraries were sequenced at 75 bp per sequence using a GAIIx Illumina sequencer. Expression of a RefSeq transcript was determined by summing up all reads across the exons of the transcript. The transcript length-normalized and log-transformed value was used as the measure of gene expression. A two-component Gaussian mixture model was fit to the data, and a lower bound for expressed genes was chosen as two s.d. away from the higher distribution mean. For more details, see the Supplementary Note.
Reference genome and RefSeq database. We used the human reference genome GRCh37/hg19 for mapping exome-sequencing (Exome-Seq) and RNA-Seq data. The RefSeq sequence database downloaded from NCBI on 12 May 2011 was used as our gene model and for determining amino acid substitutions.
Exome-Seq processing. Read mapping and somatic calling. The following procedure was used to call melanoma sequence variations: reads were first trimmed based on their quality scores using the program BTrim 62 . The reads were then mapped against the reference genome using bwa 63 . SAMtools version 0.1.8-11 (r672) 64 was used for PCR duplicate removal and SNV calling. Annotations of SNVs were performed with MU2A 65 . Annotation files were checked for adjacent pairs of SNVs affecting the same codon. If present, sequencing reads were scanned for the occurrence of both SNVs on a single allele, and the amino acid change was predicted based on the simultaneous mutations. SNVs were filtered according to the following quality criteria: (i) mutant allele frequency ≥13%; (ii) SAMtools mapping score ≥40; (iii) at least one forward and one backward read; (iv) a minimum coverage of four mutant and eight total reads at the variant position; and (v) uniform mapping of reads with the variant allele across the SNV locus. SNVs were further filtered based on their presence in repositories of common variations (dbSNP135 and 2,577 noncancer exomes sequenced at Yale). An SNV was called somatic in the absence of variant reads in the germline DNA samples, tolerating one mutant read in the normal samples, and expecting a sufficient variant to total read ratio in tumor and normal samples as assessed by Fisher's exact test (P value threshold of 0.001).
We used SAMtools for indel calling, implementing strict selection criteria, including indel allele frequency >0.1, minimal SNP score of 250 in at least one melanoma and absence from repositories of common variations (dbSNP135 and 2,577 noncancer exomes sequenced at Yale). To identify somatic indels, we first excluded all indels that were also present in our normal samples and, in the absence of an indel call in the normal samples, we required a sequence coverage of at least eight independent reads at the corresponding position in the normal samples.
LOH calculation. To determine LOH in matched samples pairs, we followed a similar approach to that previously described 66 . We identified heterozygous positions in normal samples and used the R module 'DNACopy' to perform circular binary segmentation. The resulting regions were filtered for region-wide LOH.
Somatic copy number analysis. The sequence coverage log fold change was visualized in IGV 67 . We used the CONTRA copy number analysis program 18 to determine SCNAs in the matched melanoma samples. The program was run with default parameters, excluding multimapped reads. We counted the number of samples for which at least one exon in a gene had a significant CONTRA call and fitted a Poisson distribution to the resulting sample counts per gene. Genes that had SCNA events in significantly more samples than expected were retained. We additionally required that these genes were located in chromosomal bands with significant CMDS calls, as previously described 68, 69 .
Testing RAC1 for associations with melanoma risk SNPs, MAPK genes and genes with high mutation burden. We tested the melanoma risk SNPs rs1800401, rs1800407 (both in OCA2), rs16891982 (SLC45A2), rs1801516 (ATM) and rs1126809 (TYR), all of which are located in the exome capture area, for association with RAC1 mutations using the Fisher's exact test. We proceeded similarly for assessing the association of RAC1 mutations with MAPK genes, as well as for genes with high mutation burden.
Cloning and analysis of double-mutant PPP6C in melanoma cells. Total RNA was extracted from YUGANK melanoma cells carrying the double PPP6C mutations resulting in p.Gln220X and p.Arg301Cys using an RNeasy Mini Kit (QIAGEN). cDNA was constructed using Superscript III Reverse Transcriptase following the manufacturer's instructions (Invitrogen). The region containing the p.Gln220X and p.Arg301Cys alterations was PCR amplified (Supplementary Table 12) , and the 494-bp fragments were cloned into the pCR4-TOPO TA cloning vector (Invitrogen). One Shot TOP10 (Invitrogen) competent Escherichia coli cells were transformed with the TOPO cloning reaction following the manufacturer's instructions. Transformants were analyzed by colony PCR using M13 primers. PCR reactions were cleaned with ExoSAP-IT (Affymetrix) and Sanger sequenced with T3 and T7 primers.
Site-directed mutagenesis and transient ectopic RAC1 expression. The pBabe-CyPet-RAC1 retroviral expression vector and the pcDNA3-eGFP-RAC1 plasmid were purchased from Addgene. The plasmids were constructed by K.M. Hahn [70] [71] [72] , who deposited them in Addgene for distribution. The CyPet tag is cleaved from RAC1 in mouse melanocytes, as observed before in neutrophils (K.M. Hahn, personal communication).
The p.Pro29Ser alteration was introduced in each of the plasmids with the QuikChange Kit (Stratagene). The alteration in the vector was validated by sequencing the plasmids. The primers used are provided in Supplementary Table 12 .
Mouse melanocytes (from C57BL mice) at passage 19 were infected with retroviruses encoding pBabe-CyPet-RAC1 WT or RAC1 P29S . Puromycin (1 µg/ml) was added 2 d later, and the melanocytes were tested for cell proliferation and migration after 10 d of selection with the drug.
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Fluorescence microscopy. COS-7 cells were transiently transfected with 1.5 µg pcDNA3-eGFP-RAC1 WT and RAC1 P29S constructs using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. After transfection, cells were plated in 24-well trays on Fisherbrand number 1.5 coverslips (12-545-81) , and after 1 d of culture in DMEM supplemented with 10% FBS (PBS) and 1% penicillin and streptomycin, were washed, fixed with paraformaldehyde (3.2%) and washed again, and coverslips were mounted onto microscope slides using ProLong Gold antifade mountant (Invitrogen, P36935). Cells were examined with a multicolor spinning-disk confocal UltraVIEW VoX system (PerkinElmer) based on an inverted Olympus microscope (1X-71) equipped with a 1 Kb × 1 Kb electromagnetic charge-coupled device camera (Hamamatsu Photonics) using a 60× 1.4 numerical aperture (NA) oil objective lens. The system was controlled by Velocity software.
Western blot analyses. Total cell extracts (16 µg protein per lane) with concentrations estimated with the Bio-Rad kit (Bio-Rad Laboratories) were subjected to western blot analysis 21 . The membranes were probed with the mouse monoclonal antibody against recombinant full-length RAC1 protein (23A8, Millipore 05-389), monoclonal antibody to Erk1/2 phosphorylated at Thr202 and Tyr204 (Erk1/2 (Thr202/Tyr204), ERK1/2 (ERK1/2, 137F5) (both from Cell Signaling Technology) and monoclonal antibody to β-actin (A1978, Sigma-Aldrich). All antibodies were used at 1:1,000 dilution.
Cell proliferation and migration assays. Cell proliferation assays were performed in 6-well plates (~2,000 cells per well) in triplicate wells in OptiMEM supplemented with antibiotics and 7% horse serum in the presence of the required growth factor TPA (10 ng/ml, 12-O-tetradecanoylphorbol-13-acetate, Sigma) and puromycin (1 µg/ml). The cells were harvested at 2-d intervals and counted with a Coulter counter.
Cell migration was measured with the Cultrex 24-Well Cell Migration Assay (Trevigen, 3465-024-K) following the manufacturer's instructions and as described 59 .
RAC1 WT and RAC1 P29S expression and purification. RAC1 P29S spanning residues 2-177 was subcloned into a modified pET-28 vector with a sixhistidine N-terminal tag followed by GST and thrombin cleavage site. Recombinant RAC1 P29S was expressed as an N-terminal fusion protein with glutathione-S-transferase (GST) in BL21(DE3) cells and induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 12 h at 30 °C. The fusion protein was affinity purified and cleaved by thrombin at 4 °C overnight. The protein was then loaded on a Superdex 200 HiLoad 16/60 (GE Healthcare) column in a buffer of 20 mM Tris-HCl (pH 8.0), 150 mM NaCl and 1 mM dithiothreitol (DTT). Purified mutant protein was finally concentrated to 3.5 mg/ml in a buffer of 20 mM Tris, 150 mM NaCl, 1 mM DTT and 5 mM MgCl 2 with and without 1 mM GMP-PNP.
For RAC1 WT , we subcloned residues 2-177 into a modified pET-28 vector with a six-histidine N-terminal tag. RAC1 WT was expressed as an N-terminal fusion in BL21(DE3) cells and induced with 1 mM IPTG for 12 h at 30 °C. Briefly, RAC1 WT was affinity purified and loaded on a Superdex 75 (GE Healthcare) column in a buffer of 20 mM Tris-HCl (pH 8.0), 150 mM NaCl and 1 mM DTT. Purified RAC1 WT was finally concentrated to 7 mg/ml in a buffer of 20 mM Tris, 150 mM NaCl, 1 mM DTT, 5 mM MgCl 2 and 1 mM GMP-PNP. RAC1 P29S and RAC1 WT crystallization. Crystals of RAC1 P29S were grown by vapor-diffusion hanging drops formed by mixing a 1:1 volume ratio of purified RAC1 P29S and reservoir solution containing 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.5), 20% (v/v) PEG 4,000 and 7% (v/v) isopropanol at room temperature. RAC1 P29S crystals belong to space group P2 1 2 1 2 1 with unit cell dimensions a = 50.3 Å, b = 80.0 Å, c = 94.9 Å and α, β, γ = 90°. There were two molecules per asymmetric unit. Crystals were equilibrated in a cryoprotectant buffer containing reservoir buffer plus 30% (v/v) ethylene glycol and were flash frozen in a nitrogen stream at 100 K. X-ray data from a single crystal were collected to 2.1-Å resolution at the Yale Chemical and Biophysical Instrumentation Center using a Rigaku HF007 generator and a Saturn 944+ CCD detector.
A second crystal form was determined to 2.6-Å resolution from identical crystallization conditions in the space group P22 1 2 1 with unit cell dimensions a = 40.6 Å, b = 51.9 Å, c = 99.3 Å and α, β, γ = 90°. This crystal form has similar packing to the P2 1 2 1 2 1 crystal and is conformationally similar (root mean square deviation (r.m.s.d.) values of 0.5 Å and 0.3 Å over 177 and 176 Cα atoms when compared to chains A and B, respectively), so we conducted our analyses using the P2 1 2 1 2 1 crystal.
Crystals of RAC1 WT were grown in almost identical conditions in the space group P2 1 with unit cell dimensions a = 40.9 Å, b = 97.9 Å, c = 51.7 Å and β = 96.6°. This crystal form has similar packing to both of the RAC1 P29S crystals, allowing us to investigate whether the conformational changes observed for RAC1 P29S were caused by crystal packing (Supplementary Fig. 8 ).
Structure determination and refinement. For the RAC1 P29S P2 1 2 1 2 1 crystal form, data were processed using the HKL2000 package 73 , and the initial phases were calculated by molecular replacement using the program Phaser 74, 75 . Wild-type RAC1 (PDB 1MH1) 75 was used as a search model and yielded translation Z-scores of 19.2 and 47.1 for the two molecules in the asymmetric unit. Automated model building with ARP/wARP 76 built residues 2-176 in molecule A and residues 3-175 in molecule B, thus avoiding potential problems with model bias. Cycles of refinement and manual model building were conducted using REFMAC5 77 with a maximum-likelihood target, two TLS (Translation/Libration/Screw) groups per molecule and medium NCS (noncrystallographic symmetry) using COOT 78 . Model validation was conducted using MolProbity 79 . The final refined model of RAC1 P29S had R and R free values of 24.0% and 28.5%, respectively (Supplementary Table 8 ). All of the residues fell within favored or allowed regions of the Ramachandran plot. Good electron density was observed throughout the structure, including for GMP-PNP and the switch I region (Supplementary Fig. 8a,b) . The structure is deposited in PDB under accession code 3SBD.
A similar processing, solution and refinement protocol was conducted for the 2.6-Å P22 1 2 1 structure of RAC1 P29S (Supplementary Table 10) , and the data have been deposited in PDB under accession code 3SBE. Good electron density was observed throughout this structure, including for GMP-PNP and the switch I region.
A similar processing, solution and refinement protocol was conducted for the 2.3-Å P2 1 structure of RAC1 WT (Supplementary Table 10) , and the data have been deposited in PDB under accession code 3TH5. Good electron density was observed throughout this structure, including for GMP-PNP; however, the switch I regions of both molecules in the asymmetric unit were not well defined (Supplementary Fig. 8c ). For molecule A, the switch I loop had poor electron density, and for molecule B, the switch I loop was not visible in the electron density. The crystal structure of RAC1 WT has similar lattice interfaces as RAC1 P29S , illustrating that the conformational differences observed in switch I are not the result of crystal packing effects.
Overall, the two RAC1 WT RAC1 activity assays. Two independent approaches were used to assess the activity of RAC1 P29S compared to RAC1 WT . The traditional PAK1 pulldown assay (Millipore, RAC1 activation assay kit) was used with recombinant N-terminal His-tagged RAC1 WT and RAC1 P29S purified by affinity and size exclusion, as previously described 80 . The proteins were dialyzed for 12 h against buffer containing 20 mM Tris-HCl (pH 8.0), 0.15 M NaCl, 1 mM DTT and 10 mM EDTA, followed by 2× dialysis for 12 h against the same buffer without EDTA to discharge innately bound nucleotides 80 . His-RAC1 WT and His-RAC1 P29S (6 µg) were incubated with 1 mM of nucleotide and GST-PAK1-PBD (GST fusion protein corresponding to residues 67-150 the p21-binding domain (PBD), of human PAK1 bound to glutathione-Sepharose beads) (5 µg) for 3 h at 4 °C in a buffer containing 20 mM Tris-HCl (pH 8.0), 0.15 M NaCl, 1 mM DTT and 10 mM MgCl 2 . The beads were sedimented by centrifugation, the pellets were washed 3× with the same buffer, and the bound proteins were eluted with SDS sample buffer at 95 °C and analyzed by western blot with polyhistidine antibody (HIS-1, H1029, Sigma-Aldrich) at 1:1,000-dilution. Incubations included no addition, GDP, GTP or GTPγS. NC (negative control) npg indicates GST-PAK1-PBD without any loaded RAC1 protein. One microgram of His-RAC1 WT and His-RAC1 P29S were included as controls. In addition, the 'fast-cycling' p.Phe28Leu alteration was introduced to His-RAC1 WT by site-directed mutagenesis (Supplementary Table 12) . We then tested the PAK1-PBD binding activity of His-RAC1 WT , His-RAC1 P29S and His-RAC1 F28L purified proteins (1 µg of each) following the manufacturer's procedure.
Alternatively, we performed RAC1 pulldown experiments to assess the binding of RAC1 to MLK3 in melanoma cell lysates. MLK3 contains a CRIB motif that interacts with a cloned construct of RAC1 in a two-hybrid system 81 . In these experiments, we used immobilized His-GST-tagged proteins captured to glutathione-Sepharose from bacteria lysates following the manufacturer's instructions without further manipulations. The bead-bound slurries of His-GST-RAC1 WT and His-GST-RAC1 P29S were incubated with no addition, GDP, GTP or GTPγS in 20 mM Tris, pH 8, 150 mM NaCl, 1 mM DTT and 10 mM MgCl 2 for 3 h on ice. The beads were then washed 3× with lysis buffer (150 mM NaCl, 10 mM HEPES, pH 7.3, 1 mM EDTA and 1% NP40, plus protease and phosphatase inhibitors) and then incubated with YULAC (RAC1 WT or BRAF V600E ) and YUHEF (RAC1 P29S or BRAF WT ) melanoma cell lysates (500 µg per assay) overnight on a rotating wheel at 8 °C. The beads were washed 3× with lysis buffer, and the bound proteins were eluted with 2× SDS sample buffer and subjected to western blotting with mouse monoclonal antibodies to MLK3 (LS-C133912, LifeSpan BioSciences) at 1:1,000 dilution.
